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west coast region of South Africa. Species distributionmodelling indicates potentially severe consequences in range
shift for rooibos tea under the changing climate conditions. However, they are based on several assumptions and
simpliﬁcations which may compromise future predictions. In an effort to improve the accuracy of the species
distribution model, results obtained from the modelling were used to further investigate the species' climatic
limits through experimentalmanipulation of drought.Water limitationwas associatedwith signiﬁcant decreases
in net photosynthesis, stomatal conductance, and transpiration in A. linearis. The inhibitory effects of drought on
photosynthetic parameters had a concomitant effect on biomass accumulation and nutrient allocation. Hence,
the projected increase in aridity for the rooibos production region is expected to reduce productivity of commer-
cially cultivated tea. However, rooibos demonstrated certain adaptation mechanisms to adverse conditions by
increasing water use efﬁciency, developing a higher level of sclerophylly and altering the allocation of plant
reserves by increasing the ﬂow of assimilates to the roots. The ability of the species to partially offset the negative
effects of water deﬁcit stress may enable seedlings to survive and persist, albeit with reduced biomass.27 21 808 2405.
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Aspalathus linearis (Burm. f.) R. Dahlgren (rooibos) is a fynbos shrub
that belongs to the family Leguminosae and is endemic to the Mediter-
ranean west coast region of South Africa (Dahlgren, 1968). As medici-
nally and economically useful shrub, the rooibos plant contributes
signiﬁcantly to thewell-being and cultural heritage of local communities
and is currently themost important commercially cultivated indigenous
crop in South Africa (Hawkins et al., 2011; Van der Bank et al., 1995).
Cultivation is conﬁned to a small geographical areawith a uniquemicro-
climate and attempts to cultivate the crop elsewhere in the country or
the world have always been unsuccessful. Being a rain-fed crop, water
stress during summer drought is considered as one of the most impor-
tant factors limiting plant performance and yield (Boyer, 1982). Kramer
and Boyer (1995) state that crop yields are more dependent on an ade-
quate supply of water than on any other single environmental factor. In
addition, the Mediterranean-type climate region of the South African
Western Cape is characterized by highly acidic and nutrient-poor soils
(Cowling et al., 1996).The IPCC (2007) has identiﬁed these Mediterranean-type ecosys-
tems as particularly threatened by future climate change. In particular,
the winter rainfall region of South Africa is projected to experience an
intensiﬁcation of extremes, a decrease in winter rainfall, more erratic
distribution of rain and an increase in maximum temperatures at
twice the global rate for the west coast of South Africa (Engelbrecht,
2005; Hewitson and Crane, 2006; Engelbrecht et al., 2008). Such climate
projections are expected to inﬂuence plant growth, yield and biomass
allocation (Peñuelas et al., 2000; Sardans et al., 2008; Yang et al., 2012).
The incidence of severe drought conditions in the study area has had
major implications for crop production where increased frequencies of
dry spells, late onset of winter rains and heat stress have been reported
by farmers (Archer et al., 2008) to cause severely diminished yields
and quality of rooibos. Preliminary assessments of species distribution
modelling, (Lötter and Le Maitre, 2014) indicate potential severe conse-
quences in range shift for rooibos tea under changing climate conditions.
An ensemble of global climate models assuming the A2 emissions
scenario (Nakicenovic et al., 2000) suggests that rooibos tea may lose
up to 57% of its climatically suitable range, especially in the lowland
areas. The distribution model predicted the cultivated range of rooibos
tea to be particularly limited by total winter rainfall (below 165 mm),
while winter temperature (below 2 °C and above 7 °C) and summer
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for crop production.
Bio-climatic models give an approximation of the suitability for the
species as a function of the values of the climatic and environmental
variableswhere it is known to occur. This yields the climatic range limits
of the species' distribution and allows the model to forecast geographic
range shifts due to climate change. However, the bio-climaticmodelling
is based on several assumptions and simpliﬁcationswhichmay compro-
mise future predictions (Heikkinen et al., 2006). Plants may make cer-
tain physiological adjustments in response to water limitation through
a decrease in transpiration and increase in water use efﬁciency to com-
pensate the effects of drier conditions. Therefore these models are use-
ful as ﬁrst-cut assessments of species distribution, but require further
testing to provide more robust predictions.
To date, little is known about the nutritional and photosynthetic
response of A. linearis to increased aridity. Several plant productivity
and physiological responses of other legumes to drought and or heat
stress have been studied, although different species have different
traits and adaptation mechanisms to cope with adverse environmental
conditions (Karatassiou et al., 2009). According to Sinclair et al. (2007),
Zahran (1999) and Sprent et al. (1988a,b) legume biological nitrogen
ﬁxation (BNF) is very sensitive to environmental constraints and
drought, in particular. Negative effects of drought on BNF can largely
be attributed to effects on the infection of legumes by rhizobia, effects
on nodule growth and development and direct effects on nodule func-
tioning (Arrese-Igor et al., 2011). As an N2-ﬁxing legume, A. linearis is
able to form symbiotic relationshipswith both rhizobial bacteria, specif-
ically Bradyrhizobium species (Staphorst and Strijdom, 1975; Muofhe
and Dakora, 1999a,b) and arbuscular mycorrhizal fungi. The rhizobia
provide N and the arbuscular mycorrhizae (AM) provide P in exchange
for photosynthetically derived C from the host (Vance, 2001). In other
legumes, this symbiotic relationship was found to be considerably
weakened under water deﬁcit conditions and resulted in impaired
growth and development (Arrese-Igor et al., 2011; Marschner, 1995).
Water use efﬁciency (WUE), deﬁned as the ratio between biomass
(usually shoot) production and transpiration (Farquhar et al., 1989) is
one measure of the ability of a plant to perform well under incipient
drought (Thomas, 1997). Instantaneous water use efﬁciency (WUEi)
through gas exchangemeasurements relates two physiological parame-
ters: the photosynthetic rate and the transpiration rate (Bacon, 2004).
Long term water-use efﬁciency however describes WUE over the
whole growing season and can be estimated using carbon isotope
discrimination, whereby plants discriminate against 13C during photo-
synthesis (Nilsen and Shariﬁ, 1997). An increase (less negative) in car-
bon isotope composition (δ13C) correlateswith an increase in long-term
tissue WUE.
In order to explore the prospects of rooibos tea under climate
change, results from the bio-climatic modelling were used to further
investigate the species' tolerance for drought. The speciﬁc aim of this
study was to investigate the nutritional and photosynthetic perfor-
mance of A. linearis during drought stress. These results will enable us
to make better predictions of potential consequences for plant growth
and productivity under climate change and improve the accuracy of
correlative distribution models.
2. Material and methods
2.1. Plant growth conditions
One hundred A. linearis (Burm. f.) R. Dahlgren (rooibos) seeds were
treated with sulphuric acid (H2SO4, 95%–99% concentration) for 15 min
and rinsed in distilled water to increase the permeability of the seed
coat. The seedswere left overnight in smoke primer before being germi-
nated in seedling trays containing soils collected from the root regions
of A. linearis plants growing naturally in the CederbergMountain region.
Germination took place during December and January in an east-facingglasshouse at the University of Stellenbosch, South Africa. The range
of midday irradiances was between 630 and 680 mol m−2 s−1 and
the average day/night temperature and humidity were 23/15 °C and
35/75%, respectively. Seedling trays were watered daily with distilled
water until seeds germinated. Upon germination seedlings were
watered once every 2 days for 3–4 weeks, until seedlings became in-
fectedwith the indigenous rhizobia and nodule formation had occurred.
Once nodule formation was established, the seedlings were transferred
to 20 cm diameter pots containing 3 kg of quartz sand under the same
glasshouse conditions. All the rooibos plants received 100 ml once a
week of a low nutrient solution (25% strength Long Ashton Nutrient
Solution, modiﬁed to contain 200 μM N and 150 μM P). The rooibos
plants were grown for 16 weeks following transplantation, after which
a six week period of drought stress was induced. Prior to commencing
the drought treatment, the soil in all the pots was ﬂushed with distilled
water. Subsequently, drought was induced by withholding water from
the plants, while the control plants received 100 ml of distilled water
once per week. This was done to ensure that the nutrient supply
remained the same, and that only the H2O supply was varied during the
drought period.
2.2. Photosynthesis
Five replicates of each treatment were used for the photosynthetic
determinations. The youngest fully expanded leaf for each plant was
used to determine the photosynthetic rate, stomatal conductance and
transpiration rate at midday, using a portable infrared gas analyser
(LiCor, Lambda Instruments Corporation, USA). Light–response curves
were derived using the facility on the infrared gas analyser, bymanually
adjusting the irradiance level in the leaf chamber. Photosynthetic read-
ings were taken at 12 irradiance intervals (PAR 0– 2000 μmolm−2 s−1)
with 5–20min at each irradiance level before gas exchangewas recorded.
All measurements were the average of 10 logs.
The leaves that were used for photosynthetic measurements were
removed and oven dried to calculate their respective weights. All
photosynthetic values were adjusted and expressed on a leaf dry
mass (g) basis. The light–response curves were used to derive the
light-saturated rate of photosynthesis (Pmax), quantum yield (φ),
light compensation point (LCP) and dark respiration. Photosynthetic
water-use efﬁciency (PWUE) was calculated from measurements of
Pmax and transpiration rate.
2.3. Plant harvest
The plants were divided into root, leaf and stem components upon
harvest. The harvested material was then placed in a drying oven, at
80 °C, for 2 days and dry weights were recorded. The dry weights of
the respective components were expressed in terms of plant biomass
gain over the experimental period. The relative growth rate (whole
plant), shoot growth rate, root growth rate and root:shoot ratio of the
control and drought stressed plants were determined from the baseline
plants.
2.4. Chemical and isotope analysis
The stable isotope analyses were carried out at the Archaeology
Department, University of Cape Town. Values were expressed relative
to Pee-Dee Belemnite (PDB) standard for δ13C and relative to atmo-
spheric nitrogen for δ15N, as (%), according to the following equation:
δZ ¼ Rsample=Rstandard− 1
 
 1000
where Z is the heavy isotope of either nitrogen or carbon, and R is the
ratio of heavier to lighter isotope for the sample and standard (13C/12C
or 15N/14N).
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a 0.5 mmmesh (Arthur H Thomas). Between 2.10 and 2.20 mg of each
sample was weighed into 8mm× 5mm tin capsules (Elemental Micro-
analysis Ltd., Devon, UK) on a Sartorius microbalance (Goettingen,
Germany). Samples were weighed to an accuracy of 1 μg. The cups
were then folded to enclose the sample. The samples were combusted
in a Flash 2000 organic elemental analyser and the gases passed to a
Delta V Plus isotope ratio mass spectrometer (IRMS) via a Conﬂo IV
gas control unit. Three in-house standards (Merck Gel, Lentil, Acacia
saligna) were used and calibrated against IAEA (International Atomic
Energy Agency) standards. Nitrogen is expressed in terms of its value
relative to atmospheric nitrogen, while carbon is expressed in terms of
its value relative to Pee-Dee Belemnite.
2.5. Statistical analysis
The effects of drought on theplant physiological functionswere tested
with an analysis of variance (ANOVA, using Kaleidagraph forMacintosh).
The means (4–5) were subsequently separated using the post-hoc t-test
(P ≤ 0.05). Different letters indicate signiﬁcant differences between
treatments.
3. Results
3.1. Photosynthesis
A. linearis showed a signiﬁcant decrease in themaximum photosyn-
thetic rate due to drought imposition (Fig. 1a). There was a dispropor-
tionate decline in stomatal conductance (53%) compared to the 35%
decline in Pmax (Fig. 1b). The drought treatment also produced signiﬁ-
cant lower transpiration rates (Fig. 1c). Hence, drought stressed plants
exhibited an increase of 37.4% in photosynthetic water-use efﬁciency
compared to the control (Fig. 1d). Furthermore drought affected
the efﬁciency of energy storage, by decreasing the quantum yield
(Fig. 2a). Leaf dark respiration rates exhibited a decrease (less negative
net CO2 exchange) under drought stress (Fig. 2b). The light compensation0
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Fig. 1.Maximumphotosynthetic rate (a), stomatal conductance (b), transpiration rate (c), and p
under glasshouse conditions. Plants were grown underwell-watered conditions for 4 months, a
(n = 5) with standard error bars. The different letters on top of the means indicate signiﬁcantpoint of drought stressed plants was somewhat lower than the values for
control plants, although not statistically signiﬁcant (Fig. 2c).
3.2. Biomass
There was a signiﬁcant inhibitory effect of drought on overall plant
growth (Table 1). During the six week period of drought stress the rel-
ative growth rate declined by 50%. However, an adaptation of the
drought period was the changes of biomass partition in plant organs.
While root growth was not signiﬁcantly affected by drought, there
was a major decline in shoot production as seen in the higher root:
shoot ratio.
3.3. Isotopes
The δ13C isotope discrimination indicates that the drought treatment
had a signiﬁcant effect on stomatal closure (Fig. 3a). These less negative
values suggest that the plants were experiencing water stress with
accompanying stomatal closure (Brugnoli and Lauteri, 1991). Further
effects of the drought on nutrition, is the decrease in N nutrition via
BNF, compared to the control (Fig. 3b). In addition, because of the
sharp increases in C concentration and slight changes inN concentration,
the C/N ratio in the drought treatment increased signiﬁcantly (Fig. 3c).
4. Discussion
4.1. Photosynthetic gas exchange
The drought-induced reduction in maximum photosynthetic rate,
stomatal conductance and transpiration is congruent with the previous
ﬁndings that drought-induced closure of stomata can lead to a reduction
in photosynthesis (Cornic, 2000; Flexas and Medrano, 2002; Benešová
et al., 2012).When plants are drought stressed stomata close progressive-
ly, decreasing stomatal conductance and hence resulting in reduced
rates of photosynthesis and transpiration. However, there may have
been an imbalance in the relative percentage of reductions in stomatal0
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have caused the increased water use efﬁciency (WUE) under drought
stress. The adaptive value of increasing WUE is that more CO2 can be
gained per unit of water lost via transpiration. The comparatively larger
reduction in photosynthesis compared to leaf respiration under waterTable 1
Biomass of 6 month old Aspalathus linearis plants, cultivated under glasshouse conditions.
Plants were grown under well-watered conditions for 4 months, and thereafter the
drought treatment was induced for 6 weeks. Values represent the means (n = 5) with
standard error bars. The different letters on top of the means indicate signiﬁcant differ-
ences among the treatments, (P ≤ 0.05).
Parameters Control Drought stressed
Biomass
Shoot (g) 0.069 a ±0.002 0.046 a ±0.003
Nodulated roots (g) 0.033 a ±0.002 0.035 b ±0.004
Plant (g) 0.102 a ±0.004 0.081 b ±0.007
Root/shoot ratio 0.474 a ±0.017 0.753 b ±0.049
Roots from total (%) 32.12 a ±0.772 42.85 b ±1.65
Shoots from total (%) 67.88 a ±0.772 57.15 b ±1.65
Relative growth rate (mg/g/day)
Plant 32.65 a ±2.99 16.50 b ±2.31
Root 12.15 a ±1.482 13.67 a ±2.14
Shoot 20.50 a ±1.575 2.83 b ±0.16stress concurs with Ribas-Carbo et al. (2005) where changes in respira-
tion were less pronounced than those in photosynthesis, resulting in a
decreased photosynthesis-to-respiration ratio. The beneﬁt of a reduc-
tion in leaf respiration may be to reduce the energy burden on drought
stressed plants as photosynthesis provides the substrate for respiration
(Cannell and Thornley, 2000). It is known that plant C balance for plant
growth is greatly inﬂuenced by respiratory losses of photosynthetically
ﬁxed CO2 (Poorter et al., 1990; Atkin et al., 1996; Loveys et al., 2002)
and that most of the CO2 respiration occurs in plant leaf material (Atkin
et al., 2007). Therefore, the ability to reduce respiratory C-costs during
drought stress confers a distinct advantage to plants for improved growth
and production. Moreover, Grubb (1998) suggested that the decline in
CO2 respiration rates could be an adaptive strategy typical of sclerophylls
in arid regions, in order to cope with and survive through dry periods.
Furthermore, the effects of drought on themechanisms of photosyn-
thesis, as evidenced by the reduction in quantum yield, indicate that
there was a decrease in the photosynthetic efﬁciency of the light reac-
tion, because fewer CO2 molecules were ﬁxed per unit photon of light
(Cornic and Massacci, 1996). This decline may be associated with less
CO2 being assimilated under drought stress, as evidenced by the 61%
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supported by the δ13C ﬁndings of smaller stomatal apertures following
imposition of water stress.
4.2. Growth and nutrition
The signiﬁcant decline in total plant biomass during drought stress
was underpinned by the reduced shoot growth in favour of roots. This
is consistent with the observations in the previous studies of plant
responses to drought stress where above-ground biomass was compro-
mised by water stress conditions to maintain the root growth and in-
crease the R/S ratio (Liu and Stützel, 2004; Vicente et al., 2012; Yang
et al., 2012). This may be amorphological adaptive response to drought
(Lei et al., 2006) whereby the proportional increase in water absorbing
biomass facilitates the acquisition of water and nutrients in deeper
more humid soil layers.
The increase in δ13C (higher 13C/12C ratio = less negative) in seed-
lings of water stressed rooibos indicates that water stress altered the
source of carbon ﬁxation. The altered 13C to 12C ratio could be due to
stomatal closure under drought, resulting in an increase of 13C ﬁxation,
leading to less 13C discrimination (Fotelli et al., 2003; Kume et al., 2003).
As reported in the literature higher δ13C values are associated with
higher intrinsic WUEs (Farquhar et al., 1989) when water availability
decreases. This is in agreement with a study by Bellaloui (2011) where
water stress caused signiﬁcant changes in the 13C to 12C ratio of soybeans
as a N2-ﬁxing plant. Drought-induced stomatal closure, evidenced by
δ13C values indicates more long-term stress and concurs with the
short-term reduction in stomatal conductance (Gs) during drought
stress. The relatively greater decrease in stomatal conductance than in
photosynthetic rates produces an increase in instantaneous WUE
(Peñuelas et al., 2000).
The reduction in N nutrition due to lower BNF during drought indi-
cates a reliance of the N2-ﬁxing bacteria on soil water and healthy
plant water relations (Arrese-Igor et al., 2011). Both the infection of
legumes by rhizobia and nodule functioning has been found to be highly
sensitive to soil water deﬁciency (Sprent et al., 1988a,b; Zahran, 1999;
Vicente et al., 2012). However, since nodule initiation and development
in the experimental plants were already well established before the
drought treatment commenced, the negative effect of drought on BNF
could rather have been related to direct effects on nodule activity and
functioning. The reduced BNF may also indicate a greater reliance on
soil N acquisition via the root system. The drought-induced increase in
the C:N ratio is a known phenomenon in nutrient-poor ecosystems dur-
ing water stress (Groom and Lamont, 1999) where sclerophylly usually
increases when the environment evolves towards drier conditions
(Sardans et al., 2008). According to Chaves et al. (2002) sclerophylly is
a known protective measure for an evergreen plant in a Mediterranean
environment to survive in extreme climate conditions.
In conclusion, water limitation inhibited plant performance in a
number of ways. The drought treatment was associated with signiﬁcant
decreases in net photosynthesis, stomatal conductance, and transpira-
tion in A. linearis. The negative effects of drought on photosynthetic
parameters resulted in a decline in biomass accumulation and nutrient
assimilation, particularly aboveground biomass. Since the leaves and
twigs of the plant comprise the harvestable component, a greater in-
vestment in the root system would reduce the aboveground biomass.
The projected increase in aridity for the rooibos production region, is,
therefore expected to reduce productivity of commercially cultivated
tea, especially in areas where the crop is at or near its climatic limits
as indicated by the rooibos bioclimatic model. However, rooibos seed-
lings exhibited certain adaptive mechanisms that could enable them to
survive such adverse conditions. The plants were able to partially offset
the effects of drier conditions by increasing WUE, developing a higher
level of sclerophylly and altering the allocation of photoassimilates.
The ability of the species to adapt to the negative effects of water deﬁcit
stress may enable seedlings to survive and persist, albeit with reducedbiomass. This means that although the farmers are able to harvest a
crop they may have to adjust their systems to offset the lost production.
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